Our objective in this prospective study was to determine the natural course of Brucella abortus infection in cohorts of seropositive and seronegative, female bison (Bison bison) and their offspring in Yellowstone National Park (YNP) for 5 yr. We collected specimens from 53 adult females and 25 calves at least once and from 45 adults and 22 calves more than once. Annual seroconversion rates (negative to positive) were relatively high (23% for calves and juvenile bison, 6% in the total sample of adult female bison in our study, and 11% in the adult females that began the study as seronegatives). Antibody was not protective against infection, even for calves that passively received antibody from an infected mother's colostrum. Antibody levels stayed remarkably constant, with only a slow decline over time. We found only two seroconversions from a weak positive status to negative. Infected bison aborted and shed viable bacteria. Risk of shedding infective Brucella was highest for bison in the 2 yr following seroconversion from negative to positive. In one bison, we detected shedding for 3 yr following seroconversion. Regardless of serostatus of dams and neonates, most calves were seronegative by 5 mo of age. There was no relationship between the antibody status of the dam and the tendency of a calf to seroconvert to positive during the duration of the study.
INTRODUCTION
The significance of brucellosis infection (Brucella abortus) in bison (Bison bison) of the Greater Yellowstone Area (GYA) and the risk bison pose for transmission of brucellosis to livestock is controversial and debated. The first evidence of brucellosis in bison of the GYA was found in 1917 in the introduced herd kept at the Buffalo Ranch in the Lamar Valley in Yellowstone National Park (YNP; Mohler, 1917) . Abortions were noted in two bison cows and agglutination tests showed the aborting animals had antibody to B. abortus. Between that observation and 1992 (Cheville, 1998) , no brucellosis-confirmed abortions were reported from YNP bison. This hiatus in confirmation of brucellosisrelated abortion led some to believe that the infection no longer produced abortions in YNP bison, and therefore, bison posed little, if any, risk of transmission to cattle herds on land adjacent to YNP (Meyer and Meagher, 1995) . Numerous studies of animals going to slaughter, bison being translocated to other properties, animals killed as population management actions, and bison used in brucellosis vaccination trials conducted by the Department of Interior in the 1940s confirmed the presence of brucellosis antibodies in the herd (Meagher, 1973; Cheville et al., 1998) . Results of these studies were somewhat varied, but today, the herd is generally considered to have an antibody prevalence of approximately 50%.
There is continued evidence indicating that brucellosis still induces abortion in this bison population and could pose a risk of transmission to susceptible animals. Rush (1932) observed abortions in the YNP herd and suspected brucellosis as the etiology based on serologic findings of Brucella antibodies in 58 (53%) of 110 bison sampled. Culture studies in 1985 and 1991-92 resulted in isolation of B. abortus from 6 (7%) of 88 and 26 (12%) of 218 YNP bison, respectively (Cheville et al., 1998) . In a more rigorous study, conducted between 1995 and 1999, B. abortus was isolated from tissues from 12 (46%) of 26 seropositive bison from YNP (Roffe et al. 1999) . Between 1992 and 1999, before and concurrent with the work reported here, six cases of abortion or neonatal death from B. abortus biovar 1 infection were confirmed in YNP bison (Rhyan et al., 1994 (Rhyan et al., , 2001 .
The purpose of this study was to determine the natural course of B. abortus infection in a cohort of seronegative and seropositive, free-ranging, adult, female bison and their offspring for 5 yr. Survival and reproductive rates related to antibody status and age from this study have already been reported (Fuller et al. 2006) . Here, we report the natural course of B. abortus infection in YNP bison, based on Brucella serology and culture, and the reproductive outcomes of seroconverting female bison.
MATERIALS AND METHODS

Animal selection and sampling
We conducted 1 yr of pilot work to perfect methodologies, commencing October 1995 and concluding field operations in October 2001. All field work was conducted in YNP (44u89N to 45u79N, 110u09W to 111u49W). In the fall (generally October), adult, female bison in good condition were randomly selected for capture by chemical immobilization using carfentanil (range 3.3-6.0 mg) and xylazine (range 30-70 mg) delivered by 2-ml dart (Pneu-Dart, Williamsport, Pennsylvania, USA) and antagonized with naltrexone (range 400-850 mg) and tolazoline (range 100-1,000 mg) or yohimbine (range 45-60 mg) by hand injection. We determined age of animals by incisor eruption and wear (Fuller, 1959; Dimmick and Pelton, 1996) and collected samples of heparinized and whole blood, milk (if present), feces, and cervical and oral swabs. Heparinized blood was immediately centrifuged, and plasma was tested for antibodies to B. abortus by the standard card test (Anonymous, 1965b) , while the animal was immobilized. Pregnancy status was determined by rectal palpation and ultrasonography (Model SSD-500V; Aloca, Tokyo, Japan). We also later submitted serum for laboratory assay of pregnancy-specific protein B (PSPB; Haigh et al., 1991) . For the study, we wanted only pregnant bison with about an equal number of seropositive/suspect and seronegative bison, in similar age distributions. While immobilized, the bison was accepted or rejected for the study based on antibody status (as determined by the card test) and pregnancy status (as determined by rectal palpation and ultrasonography) Each accepted animal was tagged with a Very High Frequency (VHF) or a Global Positioning Satellite (GPS)-containing VHF radiocollar (Aune et al. 1998 ) and a uniquely numbered, small, metal ear tag. We later confirmed serologic status in the laboratory using multiple serologic tests (see ''Laboratory Procedures'' below) and ''Uniform Methods and Rules '' criteria (USDA 2003) . Pregnancy status was confirmed using combined palpation, PSPB level, and ultrasonography. In the rare instance of a discrepancy in pregnancy test results, an ultrasonographic image of viable fetus was regarded as positive. In this manner, we classified 26 bison as pregnant/seropositive and 27 as pregnant/ seronegative.
We recaptured radiocollared bison in winter (February and March) and the subsequent fall (usually October) of each year, either through chemical immobilization or by net gun fired from a helicopter, with subsequent hobbling, and collected the same suite of samples. For study bison that produced offspring, we captured those offspring on the same schedule as the original adult females.
For winter captures, we determined pregnancy status in the field by rectal palpation, later confirmed with a PSPB assay. We implanted pregnant animals with vaginal transmitters (Advanced Telemetry Systems, Inc., Isanti, Minnesota, USA), each emitting a continuous radio signal of a unique radio frequency or rhythm (double pulse) at a rate of approximately 60 signals/min. The vaginal transmitters were programmed to decrease the rate of signal transmission when motionless for more than 4 hr. Alternatively, some transmitters were programmed to decrease the rate of signal transmission when the device's temperature dropped below 30 C. A decreased signal rate created by an expelled vaginal transmitter was, therefore, a presumptive indication of parturition or abortion. Following expulsion, the vaginal transmitters were located, aseptically collected, and later, cultured for Brucellae. Additionally, we examined the site for evidence of parturition or abortion (tissues or fluids) and collected any observed material (including apparently contaminated soil or vegetation) for culture and, if tissue was collected, histopathology.
When we detected a decreased rate of signal from a vaginal transmitter, we made every effort to find the transmitter and visually observe the cow and any accompanying calf. During the period from March through June each year, project personnel monitored animal movements and vaginal transmitter signals daily. Within 5 days of parturition, we immobilized the cow and collected samples as in fall and winter. We attempted to capture any accompanying calf and collected specimens (feces, oral, and ocular swabs) for culture and blood for culture and serologic testing. We placed only a metal ear tag on newborn calves until the following fall or winter when, if captured, they were fitted with a VHF radiocollar. During the spring and summer, field personnel observed radioinstrumented cows for the presence of a suckling calf at their side. When bison were captured in the fall, we determined pregnancy and antibody status as above but did not place vaginal transmitters in putatively pregnant bison.
Laboratory procedures
We froze samples of heparinized blood, milk, and swabs placed in 1-ml WHO media (National Veterinary Services Laboratories [NVSL], Ames, Iowa, USA) on dry ice each evening and kept the specimens on dry ice or in a 270 freezer until shipment to the NVSL for culture, using the methods of Alton et al. (1988) . We centrifuged whole-blood specimens and collected, aliquoted, and shipped sera to NVSL for a panel of nine serologic tests: standard card, standard plate (SPT), standard tube (STT; Anonymous, 1965a), rivanol, buffered acidified plate antigen (BAPA; Anonymous, 1965b), complement fixation (CF; Anonymous, 1993), particle concentrate fluorescence immunoassay (PCFIA; IDEXX Laboratories, Westbrook, Maine, USA), rapid automated presumptive test (RAP), and a competitive enzyme-linked immunosorbent assay (D-Tec, Synbiotics Corporation, San Diego, California, USA).
Data and statistical analyses
Animal-years for each group of animals was calculated by totaling the number of months each animal was in the study (first capture to last capture) and dividing by 12. The annual seroconversion rate for a group was calculated by dividing the total number of seroconversions for the group by the total number of animal years for the group (i.e., number of positive seroconversions in adults/total number animal-years for adults in study). Methods likely underestimated the seroconversion rate because individual animals converted between captures, but we used the total time between tests in the denominator of animal years, resulting in the denominator being biased high (upper limit).
A reproductive failure was defined as a female bison of reproductive age ($3 yr) that failed to bear a live calf or bore a weak calf that died as a neonate. Birth of a live calf was confirmed by observation of the calf or evidence of suckling at the first capture following parturition (usually May, June, July, or October). By this definition, abortion, neonatal death (pregnant in the fall or winter sampling and no visual evidence of a calf or evidence of suckling at capture following expulsion of the vaginal transmitter), or not becoming pregnant would all be classified as reproductive failures.
At each capture, we assigned the serostatus and noted changes in that status from previous captures. We assigned seroconverter status to those bison who changed antibody status between captures (negative to positive5posi-tive seroconverter; positive or suspect to negative5negative seroconverter) and nonconverter if the antibody status remained the same between two captures. To examine the relationship between gender and positive seroconversion in offspring, we used a Pearson chi-square test in a 232 contingency table, including the number of positive seroconverting calves and juveniles by gender and the number of negative nonseroconverting offspring by gender. We also used a Pearson chisquare test to assess the influence of the mother's antibody status on the tendency of offspring to be seropositive at any time in the study through a 232 contingency table (positive calves in this analysis included calves that remained seropositive or seroconverted to positive). Interval censoring (only the window when seroconversion occurred was known) and right censoring (death, collar failure, study ends before seroconversion) of the data were approximately equal across gender and serostatus of the dam, thus not biasing the conclusions.
RESULTS
During the course of the study, we immobilized 53 adult female bison (27 [51%] seronegative and 26 [49%] seropositive or suspect upon initial capture) and collected specimens from them at least once. We captured and collected specimens more than once from 45 (85%) of the 53 bison. Of these 45 repeatcapture bison, 28 (56%) had 45 calves across the years that we were able to capture and from which we collected samples at least once during the study.
Seventeen (38%) of the 45 repeatcaptured adults remained seronegative for their entire study (total 42.5 animalyears in the study, mean 2.5 yr/animal); 18 (40%) remained seropositive or suspect (total 58.6 animal-yr, mean 3.3 yr/animal); eight (18%) converted from seronegative to seropositive (total 32.9 animal-yr, mean 4.1 yr/animal); and two (4%) converted from weak positive or suspect to seronegative (total 5.7 animal-yr; mean 2.8 yr/ animal). We documented 5.7 positive seroconversions/100 animal-yr and 1.4 negative seroconversions/100 animal-yr for the 45 adult bison. Among the 25 cows (56%) that began the study as seronegatives and were monitored more than once, the annual conversion rate to seropositive was 11%. Cows converted to seropositive at all ages (Table 1) .
We collected specimens from 45 calves born to the original cows during the study; once from 23 of these calves (51%), twice from 12 calves (27%), and up to 11 times from the remaining 10 (22%). We also collected one-time samples from two calves born to female offspring of the original radiocollared cows. The total time in the study for the 22 calves captured more than once was 39.6 yr (mean 1.8 yr/ animal). The first capture and sampling of the 47 calves in our study occurred as newborns (n512, 26%), 5 to 6 mo old (n534, 72%), and yearlings (n51, 2%).
All of the calves born to seronegative dams and caught as newborns were seronegative at birth. Most of the newborn-caught calves born to seropositive cows had antibody titers to B. abortus detected on one or more tests (Table 2) . At 5 mo, however, the majority of calves were seronegative regardless of their dam's antibody status.
Two calves born to seropositive dams had two or more positive serologic tests when first captured, either as a newborn (calf 898) or at 5 mo of age (calf 812). At recapture, 5 and 7 mo later, respectively, these calves were negative on all tests. Calf 880, born to cow 853, which seroconverted during or immediately after that calving season, was seronegative the following October and February despite suckling milk that was culture-positive at both captures. In contrast, calf 818, born to a strongly seropositive cow (830), had high antibody titers to B. abortus on all tests when first sampled at 5 mo of age. Four months later, the calf remained strongly seropositive, and whole blood was culturepositive for B. abortus. This animal remained seropositive for the entire 4 yr it was in the study.
Conversion from seronegative to seropositive occurred in seven calves (15%) born to the radiocollared cows during the study. An additional two calves (869 and 877; 4%) were positive on one serologic test only when first caught at 5 mo of age and were later seropositive on multiple tests. Positive seroconversion occurred in calves born to both seronegative and seropositive dams ( Table 1) . The annual positive seroconversion rate for the 22 calves captured more than once was 23% (nine seroconversions/39.6 animal-yr). For animals born while in the study, first detection of positive seroconversion occurred from 5 mo to 33 mo of age but most often occurred during the second year of life. Six (46%) of the 13 bull calves/juveniles that were captured at least twice (21.7 animal-yr, mean 1.7 yr/animal) seroconverted, and three (33%) of the nine females captured at least twice (17.9 animal-yr, mean 2 yr/ animal) seroconverted. We isolated B. abortus biovar 1 from one or more specimens at one or more captures from eight bison that seroconverted to positive during the study (Table 1). The time delay between first detection of seroconversion and the positive culture varied from immediate to 2.5 yr (cow 844). Specimens from three additional seropositive animals were also culture-positive for B. abortus biovar 1, including the blood of cow 813 and the milk of cow 827, both once-caught bison, and the blood of calf 818 at 9 mo of age.
The duration of infection detected by culture of collected specimens varied. We isolated Brucella only once from some bison and up to 3 yr after seroconversion in bison 844 (from milk). Our 17 isolates of Brucella were almost evenly divided among milk (n56), blood (n56), and vaginal swabs (n54). Bison 805 was culture-positive in feces during late-stage pregnancy. We found culture-positive vaginal swabs or exudates following abortion (cow 848), just before calving (805), and during fall and winter when not pregnant (6691).
After positive seroconversion, reproductive results for the eight original cows and two of the calves born in the study were varied (Table 3) . Of the 24 postseroconversion reproductive seasons monitored for the 10 bison cows, we confirmed 11 live calves (confirmation by observation of calf or evidence of nursing calf at capture), 11 reproductive failures, and two undetermined outcomes. Of the reproductive failures, four were considered abortions based on a positive pregnant status in fall or winter and a negative pregnant test in spring. One had lost its pregnancy status by February, two by March, and one by June. Four other reproductive failures were not pregnant on one or more occasions from October through May, and three did not have adequate testing during normal gestation, but no calf was observed. We found Brucella culturepositive vaginal exudate and an involuting uterus indicative of a recent abortion event in one of the March-aborting cows. Three of the abortions (cows 806, 844, and 848) occurred in the gestation concurrent with, or immediately after, seroconversion and, in one case (cow 844), again 2 yr later. Three other recently seroconverted cows had live calves following seroconversion. Another cow (805), captured in late pregnancy (April), was B. abortus culturepositive in vaginal exudate, milk, and feces. The cow was next captured in October, when it had evidence of a suckling calf, so was considered to have given birth to a live calf.
Chi-square statistics indicated no significant relationship between gender and positive seroconversion (P50.54) Our analysis also showed no relationship between antibody status of bison cows and the tendency of a calf to convert to seropositive or remain seropositive during the duration of the study (P50.19). There was a significant difference (P50.03) in the proportion of newborn seropositive calves born to seronegative dams and seropositive dams.
DISCUSSION
Serologic, culture, and reproductive results of this study are consistent with those observed in previous experimental infections (Davis, et al., 1990; Olsen et al., 2003) . Except for animals seroconverting from negative to positive, positive antibody titers to B. abortus were remarkably stable throughout the study, likely reflecting the long-term persistent nature of Brucella infection with chronic low to high levels of antigenic stimulation. Reexposure of some animals to the organism probably occurred during the study; however, spikes in positive serologic titers were not observed. Two adult bison with suspect or low titers on the first collection became seronegative during the study.
The significant relationship between Brucella antibody in newborn bison and the cow's antibody status, coupled with the loss of antibody by most calves within 5 mo, is an indication of passively transferred antibodies to the newborns via colostrum from seropositive dams. This is similar to the process in cattle, where most antibody titers of calves born to seropositive dams disappear within 2 to 4 mo of age with a few persisting to 6 mo (Winthrop et al., 1988) . These passively transferred antibodies are unlikely to provide any significant protective benefits later in life against infection with B. abortus in YNP bison. Calves born to both seronegative dams and seropositive dams experienced seroconversion and infection during the study. The annual seroconversion rate in bison calves and juveniles less than 3 yr of age was approximately 20%, and in adult females, approximately 10%. We have observed curious and precocious behavior at calving time, especially in young bulls, and have proposed that behavior as a factor resulting in increased exposure of juveniles (Rhyan, 2000) . These high rates of seroconversion are significant because conversion to a positive serostatus was clearly linked with stimulation and growth of the Brucella organism, although the time delay for detecting B. abortus infection after seroconversion varied. We obtained positive culture results most often from animals that had recently seroconverted (within 2 yr of seroconversion). Following seroconversion, B. abortus could be isolated from blood, milk, or vaginal secretions from some animals for prolonged periods, in one of our bison up to 3 yr. These findings suggest that recently seroconverting bison pose the highest risk for transmission and that the window of opportunity for bison to shed infective Brucella bacteria is long (at least 3 yr). The finding that one bison (805) shed viable Brucella in feces during late pregnancy and unrelated to her own abortion event suggests feces could be an additional mechanism for distributing viable Brucella. Shedding of B. abortus in feces of cattle (Fitch et al., 1932) and bison (Rhyan et al., 2001 ) has been reported previously; however, in these reports it occurred immediately following abortion and was attributed to the dams' ingestion of infected products of parturition. The shedding of B. abortus in her feces before parturition by bison 805 may have resulted from her own infection, or alternatively, she may have ingested parturition products from another infected bison.
Based on our data and that reported in the literature from natural and experimental infections in bison, we propose the natural course of brucellosis in YNP bison to be the following. The most common source of exposure to noninfected animals, excluding newborns of infected mothers, is B. abortus-infected products of parturition (aborted fetus, live calf, placenta, or vaginal exudate). The infected vagina of a nonpregnant cow is a possible, but less likely, alternative path for infecting noninfected animals. Newborns, born to infected mothers, may be infected at birth or through B. abortus in milk, but surviving calves rarely show a persistent antibody response before 5 to 6 mo of age. Most calves of seropositive cows will receive passive antibodies, which decline and are usually unmeasureable by 5 to 6 mo. These animals are still susceptible to subsequent infection and seroconversion.
Once exposed a calf or adult animal may, depending on the dose ingested, become infected. Juveniles and adults may seroconvert at any age. After infection, male bison experience seminal vesiculitis (Williams et al., 1993; Rhyan et al.,1997) , epididymitis, and ampullitis (Williams et al., 1993) and, in a minority of cases, orchitis (Creech, 1930; Rhyan et al., 1997) , which may affect fertility. Recently infected, female animals may bare live calves that survive; bare weak, infected, live calves that subsequently die; or may experience abortions. Infected seropositive cows likely remain seropositive and infected for a prolonged time. Antibody is not protective, and the likelihood of successful bacterial isolation from a seropositive cow is directly related to antibody levels (Roffe et al., 1999) . In subsequent years, these dams may have normal pregnancies or may experience one or more reproductive failures, including Brucella-related abortion, early embryonic death, or failure to get pregnant. Brucella-related abortions produce abundant infectious material, but live births may also produce infectious material. Before and at the time of abortion, females experience metritis and retained placentas (Williams et al., 1993; Rhyan et al., 2001) . Feces from an infected dam in the periparturient period, or feces from a bison recently ingesting infective material, may contain viable Brucella organisms but likely does not serve as an important source of exposure to other bison.
Several questions remain concerning the epidemiology and pathogenesis of brucellosis in bison. The role of the male and of venereal transmission in the spread of brucellosis among bison is unknown. In one study, Robison and others (1998) , reported the lack of seroconversion in bison cows bred by one infected bison bull shedding organisms in the semen. The possibility of undetected, latent infection in young bison exposed as calves also exists and could be the source of infection for some of the offspring in our study. This condition occurs infrequently in cattle (''heifer syndrome'') and usually manifests at sexual maturity; at which time, animals may abort, shed organisms, and develop antibodies to B. abortus (Wilesmith, 1978; Winthrop, et al., 1988) . The cause of some animals' reproductive failures in years after seroconversion needs to be determined. Fuller et al. (2007) applied multiple logistic regression to data from this study and found that brucellosis infections reduced birth rates in two age categories (3 yr olds and .3 yr old), and these effects were pronounced in bison that seroconverted the same year. Additional analyses of data from this study and additional data demonstrated significantly lower pregnancy rates across all age classes among seropositive bison as compared with seronegative bison, suggesting the disease may play a role in reducing fecundity in chronically infected bison (Geremia et al., 2009) . Reproductive failures in years following seroconversion could be due to mid-term or late-term abortions, early embryonic deaths, or chronic, low-grade endometritis preventing implantation and pregnancy.
Regardless of these unanswered questions, the preponderance of data indicate that the epidemiology and pathogenesis of brucellosis in chronically infected wild bison, such as the herd in YNP, is very similar to that in chronically infected cattle (Manthei and Carter, 1950; Enright, 1990) . Differences certainly exist, such as the quantitative immune response to exposure or response to vaccines. These differences are small but may have important implications for the effectiveness of vaccines in bison. Our findings on the epidemiology of brucellosis in bison have important implications for managing the disease in free-ranging wildlife. Risk to noninfected populations of wildlife or livestock is highest from bison in their first pregnancy following seroconversion. High antibody-containing animals pose the greater risk of shedding Brucella. Despite decades of infection in the YNP herd, bison remain infected for the long term, and antibody is not protective. More work is needed to determine the extent of subsequent reproductive failures caused by brucellosis and the risk for transmission they pose. In addition, we need to better understand the frequency and role of live, infected calves and those that remain infected into adulthood and potentially shed Brucella during reproductive events.
